Arsenic (As) has long been recognized as a toxic element of mainly 14 anthropogenic origins, having adverse effects on human health. However, there is 15 insufficient understanding regarding As released into atmosphere from biomass 16 burning (BB). To this end, daily airborne As concentrations in total particulate matter 17 Asian BB events, the high As/Pb ratios (> 0.2) were also observed, indicating that 28 burning crops contaminated by lead arsenate could be a crucial candidate for 29 extremely high As concentrations at Mount Hehuan. Finally, the net influence of BB 30 activities on airborne As concentrations has been simply estimated by comparing the 31 differences of As concentrations between BB and non-BB days. The result showed, on 32 average, the contribution of BB activities over S Asia to airborne As was 33 approximately 1.0 ng m -3 , which accounted 63% for total airborne As concentrations 34 in the springtime. Moreover, a ratio of As/CO (~0.00001) in the S Asian BB events 35 was obtained. Using this value, arsenic emissions from S Asian BB activities were 36 estimated to be 0.17 tons yr -1 , causing extremely high airborne As concentrations over 37 the subtropical free troposphere, and impacted As cycles on a regional scale. 38 39
correlation (r = 0.73 p < .05) between As and potassium ion (K + , a chemical tracer of 26 BB activities) in S Asian BB events also supported this hypothesis. During the S 27
Asian BB events, the high As/Pb ratios (> 0.2) were also observed, indicating that 28 burning crops contaminated by lead arsenate could be a crucial candidate for 29 extremely high As concentrations at Mount Hehuan. Finally, the net influence of BB 30 activities on airborne As concentrations has been simply estimated by comparing the 31 differences of As concentrations between BB and non-BB days. The result showed, on 32 average, the contribution of BB activities over S Asia to airborne As was 33 approximately 1.0 ng m -3 , which accounted 63% for total airborne As concentrations 34 in the springtime. Moreover, a ratio of As/CO (~0.00001) in the S Asian BB events 35 was obtained. Using this value, arsenic emissions from S Asian BB activities were 36 estimated to be 0.17 tons yr -1 , causing extremely high airborne As concentrations over 37 min at 1600 W, and (3) cooling for 60 min. Subsequently, the vessel was transferred 134
to XpressVap TM accessory sets (CEM Corporation) for the evaporation of the 135 remaining acids until nearly dry. Approximately 2 mL concentrated HNO3 was added 136 into the vessel and reheated. The resulting solution was then diluted with water to a final volume of 50 mL. After acidic digestion, 31 target elements in TSP 138 samples were analyzed through inductively coupled plasma mass spectrometry 139 (ICP-MS; Elan 6100; Perkin ElmerTM, USA). A multi-element standard, prepared 140 from stock (Merk) composed of 2% HNO3 solution, was used for calibration. An 141 internal standard containing indium (10 ng mL -1 ) was used to correct instrumental 142 drift. To minimize the isobaric interference, the nebulizer gas flow rate was adjusted 143 to 0.7 -0.9 L min -1 . To reduce formation of doubly charged ions and oxides, Ba ++ /Ba 144 and CeO/Ce must be lower than the recommended values of 0.01 and 0.02, 145
respectively. Accuracy and precision were assessed by replicate measurements (N=7) 146 of the standard reference material NIST SRM 1648, following the total digestion 147 process. The results showed that the recoveries for most elements fell within 90-110% 148 and the precisions were less than 5%. For each run, a blank regent and three filter 149 membrane blanks were subjected to the same procedure as that for the aerosol 150
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samples. The method detection limits (MDLs) were 0.01 ng m -3 for both As and Pb. 151 Another half of the filter sample was extracted with 20 mL Milli-Q water (18.2 152 Ω) by using ultra-sonic apparatus for 1h. Laboratory (Draxler and Hess, 1998) . The meteorological data for the trajectory 169 model was the GDAS (Global Data Assimilation System), which were processed by 170 the NCEP with a 6-h time resolution, about 190 km horizontal resolution, and 23 171 vertical levels. In this work, five-day backward trajectories arriving at 3000 m a.s.l. 172
were computed once every day at 12:00 LT (local time) with a time step of 6 hours. 173
Four additional trajectories were generated of which starting locations were changed 174  0.5 from the actual sampling site to reduce the uncertainty of the trajectory analysis. 175
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During the sampling period, a total of 1865 backward trajectories were computed, and 176 five clusters of air parcels, namely, Northern China (NC), Pacific Ocean (PO), South 177 Sea (SS), Southeast Asia (SEA) and South Asia (SA), were categorized. Figure 1  178 shows the pathways of five different air clusters at Mount Hehuan. The frequency of 179 SA was 33%, which was the predominant air clusters, followed by PO (24%), SS 180 (18%), SEA (18%) and NC (7%). In the NC group, the air mass originated mainly 181 from Northern China, where heavily polluted air is contaminated by industrial 182 emissions, moving to the south areas slowly and then arrived at the receptor site. The 183 NC air cluster was predominately found in March, August and September with a 184 frequency of >16% (shown in Figure 2 ). In case of PO, the air parcel generally 185 originated from Western Pacific Ocean, spending much time in marine atmosphere 186 before arriving at Taiwan. This air cluster was most predominately found from July to 187
September with a frequency of > 48%. High frequency (>20%) of PO cluster was also 188 surprisingly found in October and November. For SS air cluster, the air parcel was 189 regularly from South Sea, crossing the marine areas or Luzon Islands, and then 190 arrived at Mount Hehuan. This air group accounted for 18% with a high frequency in 191 June, July and November. For SEA group, the air mass typically came from 192 air masses were mostly prevailed from mid-autumn to late spring (see in Figure 2 ). 202
On the contrary, PO and SS air clusters were grouped into marine air parcels and were 203 profoundly found from June to September. Nevertheless, the air parcels from NC, 204 SEA and SA groups would be anticipated picking up polluted air and transporting to 205
Mount Hehuan compared with PO and SS air clusters that spent much time in marine 206 atmosphere. 207 208
WRF-Chem model 209
The WRF model coupled with chemistry module (WRF-Chem; Ver. 3.2.1) was 210 employed to study pathways of long-range BB plumes transported to Mount Hehuan 211 (Skamarock et al., 2008; Grell et al., 2005) . WRF-Chem model has been successfully 212 simulated behaviors of BB plumes transported to the subtropical free troposphere . (Lin 213 et al., 2014) . The meteorological initial and boundary conditions for WRF-Chem were 214 acquired from NCEP-FNL Global Forecast System (GFS) 0.50.5 analysis data sets 215 (35 vertical levels). The Mellor Yamada Janijc (MYJ) planetary boundary layer 216 scheme was selected in this study. The horizontal resolution for our BB simulations 217 was 27 km. To assure the meteorological fields were well simulated, the 218 four-dimensional data assimilation (FDDA) scheme was activated based on the 219 NCEP-GFS analysis data. 220 the predominant elements. In addition to K, Ca and Fe (up to 100 ng m -3 ) were also 234 major metals, followed by Na, Mg, Cu, Ti, Zn and P (10 to 100 ng m -3 ), and then 235 followed by Pb, Mn, Ba and Sr (1 to 10 ng m -3 ). The rest metals had concentrations of 236 < 1 ng m -3 over the free troposphere. 237
Arsenic, a target element in this study, exhibited a daily concentration from 0.02 238 to 5.9 ng m -3 with a mean value of 0.51.0 ng m -3 ( Figure S1 ). As expected, arsenic 239 concentrations in the continental air groups, such as SA, NC and SEA, were much 240 higher than those in the marine air categories (Figure 1 ). The As concentrations (~0.1 241 ng m -3 ) in PO and SS air groups were in agreement with that of Mauna Loa, Hawaii 242 (Zieman et al., 1995) , indicating that the low As value can be considered as a 243 background concentration in the subtropical free troposphere (Zieman et al., 1995) . A 244 large standard deviation suggested that As concentration at this mountainous site had 245 a large day-to-day variation. Increased As concentrations coincided with CO peaks on 246 some days, showing some highly anthropogenic As plumes passed over this site. 247
Some As peaks were found with enhancements of both CO and potassium ion (K + ), 248 especially in the springtime, indicating BB origins. 249 suggesting that particulate As in the free troposphere was mainly from anthropogenic 294 emissions, but not from natural wind-erosion soil throughout the whole sampling 295 period; nevertheless, biomass burning is a candidate for high As source in the 296 springtime, which will be further discussed in section 3.2. 297 298 3.2 Potential source for As in the BB seasons 299 Figure 6 shows the scattered plots of As against K + , Al and Pb in different 300 arsenic concentration bins. We found that As correlated well with K + (r = 0.78, p < .05 301 for the 5th percentile value of As) when severely high As events occurred, suggesting 302 BB origins. Oppositely, arsenic correlated poorly with Al (r ranged from 0.05 to 0.42) 303 in all As concentration bins, indicating that wind-erosion soil was not a major source 304 for airborne As at the sampling site. However, significantly positive correlations were 305 observed between As and Pb within 25th percentile values of As concentrations, 306 reflecting that airborne As and Pb were from the same sources in the high arsenic 307 events. 308
As mentioned above, BB activities may be an important regionally source for 309 high As concentrations over the subtropical free troposphere, especially during the 310 spring period; consequently, in this section, we prove the hypothesis using backward 311 trajectory analyses and MODIS fires observations together with WRF-Chem model 312 simulated results. Figure S2 shows the seasonality of fire spots over SE and S Asia 313 observed by MODIS from 2011 September to 2012 September. In SE Asia, the BB 314 activities showed strong seasonal variations with a gradual increase from January to 315 March, when it reached a peak. It then decreased substantially from late spring to a 316 minimum in summer. In South Asia, the total annual counts of fire spots were 317 approximately 20% of that in SE Asia. Similar seasonality was found with intensive 318 fire spots in the springtime and maximum in May. The fire spots then decreased 319 during summer to mid-winter and minimized in July. However, the total fire spots (SE 320 ppb) was also added for selection of the BB plume. Ultimately, a total of forty-eight 326 suspected BB TSP samples were identified during the entirely sampling period. Figure  327 7 shows time series of daily concentrations of As, K + and CO observed at Mount 328
Hehuan from January to May, 2012 when intensive BB activities were occurred over 329 SE and S Asia. The air clusters are also shown in this figure for helping to identify the 330 air origins. As can be seen, several As spikes coincided with increasing CO and K at an altitude of 700 hPa on April 3 when the high daily As concentration (5.3 ng m -3 ) 341 was observed. In this case, extensive fire spots were observed over northern part of 342
India from March 29 to April 2; the BB plume originated over burned areas, 343 transporting to east direction, and passed over Mount Hehuan, resulting in increased 344 concentrations not only for K + and CO, but also for arsenic. As shown in Figure 9a , 345 during the BB events over the S Asian continent, arsenic correlated well with K + (r 346 =0.73, p < .05). On the contrary, the correlation coefficient between As and K + in the 347 non-BB events was 0.53 (p > .05). This supported our argument, that is, airborne 348 arsenic at Mount Hehuan was attributed to BB activities over S Asia. However, some 349 BB plumes were observed at Mount Hehuan, but the As concentrations were not 350 Atmos. Chem. Phys. Discuss., https://doi.org/10.5194/acp-2018-108 Manuscript under review for journal Atmos. Chem. Phys. (Figure 9c ). These findings suggested that some specific sources might 360 release numerous arsenic into atmosphere during BB activities over S Asia, but not 361 over Indo-China Peninsula. Wind-erosion soil particles are one of important sources 362 for airborne arsenic. According to the investigation by Nriagu (1989) , arsenic derived 363 from wind-erosion dust was 2.1 Gg yr -1 , accounting 18% for natural As emissions. 364
Figures S4a -S4c show the scattered plots of As against Al in all air groups during 365 the S and SE Asian BB periods. Poor correlations were found between As and Al in 366 the various air groups, except for the SS air category (r = 0.88, p <.05), indicating that 367 wind-erosion soil was not a major source for As over the free troposphere. 368
Interestingly, a good correlation of As and Al was found in the SS air group. The 369 marine air parcels, which spent a long time in the clean marine atmosphere, are 370 subjected to dilution which can affect the air pollution (Lin et al., 2011) , probably 371 resulting in similar behaviors of As and Al. 372
Recently, numerous studies pointed out S Asia, especially in west Bengal of 373 India and Bangladesh, are extremely As-contaminated areas (Burgess et al., 2010; 374 Neumann et al., 2010; Roberts et al., 2010; ) . In these regions, highly As-contaminated 375 As/Pb~0.22) was the most extensively used of the arsenical insecticides in the world. 383
Although LA was officially banned as insecticide in 1990's in many developed 384 countries, but has not been banned in India nowadays. Figures 10a and 10b shows the 385 scattered plots of As against Pb in TSP samples for various air groups during the BB 386 season. The higher As concentrations were generally found in the SA air category. In 387 case of SA air group, the average As concentration in the BB events were 1.61.4 ng 388 m -3 , exceeding that (0.60.7 ng m -3 ) in non-BB events by a factor of 2.7 (p < .05), 389 suggesting a special arsenic emission source over S Asian continent during the BB 390 season. In some cases, low As concentrations were also found when the BB plumes 391 transported from S Asia. The reason has not been clearly understood, but might be 392 explained by a mixed source of the BB plume with other emissions during the air 393 transportation. In terms of SEA group, no substantial discrepancy of As 394 concentrations was found during BB and non-BB periods, indicating that BB over 395 Indo-China Peninsula was unable to enhance As concentrations over the subtropical 396 free troposphere. 397
During the S and S Asian BB period, good correlations between As and Pb 398 (ranging from 0.84 for SA-BB to 0.96 for NC, see in Figure 10 ) were found in various 399 air groups; hence, a ratio of As/Pb might be given us an insight to trace the 400 Atmos. Chem. Phys. Discuss., https://doi.org/10.5194/acp-2018-108 Manuscript under review for journal Atmos. Chem. Phys. Discussion started: 12 April 2018 c Author(s) 2018. CC BY 4.0 License. specifically regional arsenic emissions in SA air group when BB activity occurred. 401
During the SA-BB plumes, the average As/Pb ratio was 0.18 (see in Figure 10a ), 402 which was much higher than the average value (0.11) of non-BB (SA-non-BB) events 403 along with those (ranging from 0.08 to 0.1) of other air categories (see in Figures 10b  404   and10c ), implying a special source for As during the BB events over S Asia. Some 405 data sets of SA-BB groups showed low As/Pb ratios, probably reflecting mixed air of 406 BB plumes and other emission sources transported to the subtropical free troposphere. 407
Wind-erosion soil particles and metal smelting (lead smelting) along with coal 408 combustion industries are major natural and anthropogenic sources of airborne As, 409 respectively. In Northern India, As/Pb ratio in natural soil, paved road and unpaved 410 road dust varied from 0.02 to 0.13 while low As/Pb ratios were found in lead smelting 411 (0.002), coal combustion in stoves (0.0016) and coal fire power plants (0.0026) (Patil 412 et al., 2013) . Our As/Pb ratios in the SA-BB events were much higher, suggesting that 413 wind-erosion dust, lead smelting and coal combustion seemed not to be major sources. 414
In particular, the As/Pb ratio was normally higher than 0.20 when severely high As 415 concentrations were observed. This ratio was in line with that of LA (~0.22), 416 suggesting that burning crops contaminated by LA in S Asia could be a crucial 417 candidate for extremely high As concentrations at Mount Hehuan during the BB 418 periods. 419 420
Impact of Biomass Burning 421
The difference of As concentrations between the BB and non-BB days could be 422 considered as the net influence of BB activities on airborne As concentrations over the 423 subtropical free troposphere (Lin et al., 2010; 2013 For SA air cluster, all species increased apparently in the BB events. On average, the 426
As concentrations during the BB and non-BB periods were 1.6 and 0.6 ng m -3 , 427 respectively. The difference of As concentrations between the BB and non-BB events 428 was 0.6 ng m -3 . On the contrary, the differences of concentrations in K + and CO were 429 observed in the BB and non-BB events for SEA air clusters, but not found for As and 430
Pb. Again, this suggested that BB activities from SE Asia would not release enormous 431 arsenic into atmosphere and transport to the subtropical free troposphere by westerly 432 belt. Assuming that net difference of As concentrations in the BB and non-BB events 433 was mainly contributed by BB activities, we then obtained that BB activity over S 434
Asia contributed approximately 63% of airborne As in the subtropical free 435 troposphere during the BB seasons. 436
As listed in Table 1 , the BB air masses emitted from the S and SE Asian 437 continents contained K + /CO ratios of 0.0043 and 0.0018, respectively. Each value 438 was in the same order of magnitude of that estimated by Tang et al. (2003) who 439 claimed the BB events emitted from SE Asia had a K + /CO ratio of 0.0038. Besides, 440 a ratio of As/CO in the S Asian BB events was estimated to be 0.00001, which was 441 one order of magnitude higher than that (As/CO~0.000001) of SE Asian BB events, 442
indicating that much more As released into atmosphere from the S Asian continent. 443
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